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In Brief
Kaiserli et al. examine the function of TZP,
a positive regulator of photoperiodic
flowering in Arabidopsis. They find that
TZP acts as a link between photoreceptor
pathways and transcriptional
machineries by upregulating the
expression of FT when localized in
transcriptionally active nuclear
photobodies.
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Light regulates major plant developmental transi-
tions by orchestrating a series of nuclear events.
This study uncovers the molecular function of the
natural variant, TZP (Tandem Zinc-finger-Plus3), as
a signal integrator of light and photoperiodic path-
ways in transcriptional nuclear foci. We report that
TZP acts as a positive regulator of photoperiodic
flowering via physical interactions with the red-light
receptor phytochrome B (phyB). We demonstrate
that TZP localizes in dynamic nuclear domains regu-
lated by light quality and photoperiod. This study
shows that phyB is indispensable not only for
localizing TZP to transcriptionally active nuclear pho-
tobodies, but also for recruiting TZP on the promoter
of the floral inducer FLOWERING LOCUS T (FT). Our
findings signify a unique transcriptional regulatory
role to the highly enigmatic plant nuclear photobod-
ies, where TZP directly activates FT gene expression
and promotes flowering.INTRODUCTION
Light, circadian rhythms, and hormones act as informational
cues for optimizing plant development in response to the
constantly changing environment. Genetic analysis in Arabidop-
sis has been instrumental for identifying key players involved in
fundamental developmental transitions such as de-etiolation
and flowering. In particular, the blue-light receptors crypto-
chrome 2 (cry2), FLAVIN-BINDING, KELCH REPEAT, F-BOX 1
(FKF1), and the red-light receptors phytochrome A (phyA) and
phyB regulate the abundance and activity of transcription
factors (TFs) such as CONSTANS (CO) and PHYTOCHROME
INTERACTING FACTORS (PIFs) (Andre´s and Coupland, 2012;
Leivar andQuail, 2011). Themajority of themolecular and cellular
events triggering flowering and photomorphogenesis are regu-
lated by light and clock signal transduction pathways that collec-
tively induce changes in gene expression (Cerda´n and Chory,Developm2003; Song et al., 2012b; Tepperman et al., 2001; Wigge et al.,
2005). The mechanism and site where photosensory pathways
and transcriptional machineries integrate to modulate plant re-
sponses and optimize growth still remains enigmatic. As a
means of achieving signal integration, many light- and clock-
signaling components converge in the nucleus and form micro-
domains, also known as photobodies (Chen et al., 2010; Van
Buskirk et al., 2012, 2014). However, the exact location, molec-
ular function(s), mode of assembly, composition, and physiolog-
ical significance of nuclear photobodies remain to be uncovered.
In addition to protein interactions, a series of highly dynamic nu-
clear events such as chromatin reorganization and gene reloca-
tion have been observed to occur prior to global changes in gene
expression during de-etiolation and flowering initiation (Feng
et al., 2014; van Zanten et al., 2012). How environmental and
endogenous stimuli integrate at the level of gene expression
and which of these signaling components are essential for
orchestrating nuclear organization is still unknown. In higher
eukaryotes transcriptional machinery, active gene loci and chro-
matin remodeling enzymes have been shown to compartmen-
talize in punctate nuclear foci (Papantonis and Cook, 2013;
Sutherland and Bickmore, 2009). Elegant studies have demon-
strated the re-positioning of light regulated genes to the nuclear
periphery of Arabidopsis cells; however, the existence
and composition of transcriptional foci and the possibility of
active gene regions moving toward areas enriched in transcrip-
tional regulators remains to be elucidated in plants (Feng et al.,
2014).
Natural genetic diversity provides a great source of informa-
tion for identifying physiologically significant transcriptional reg-
ulators with fundamental roles in fine-tuning plant growth and
survival. In this study, we focus on characterizing a nuclear signal
integrator identified as the causative locus regulating morning-
specific growth by Quantitative Trait Locus (QTL) mapping be-
tween the natural Arabidopsis ecotypes Bay-0 and Shahdara
(Loudet et al., 2008). Tandem Zinc-finger Plus3 (TZP) is a single
copy gene that encodes a unique nuclear protein in Arabidopsis
containing a combination of Zinc Finger (ZF) and PLUS3 do-
mains. ZF domains act as interaction sites for RNA, DNA or pro-
teins (Ciftci-Yilmaz andMittler, 2008) and are commonly found in
transcriptional regulators in combination with other DNA-binding
motifs (Hu et al., 2008). PLUS3 domains are also involved inental Cell 35, 311–321, November 9, 2015 ª2015 Elsevier Inc. 311
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Figure 1. NuclearLocalizationPatternofTZP
(A) Representative images of etiolated plants
expressing TZP-GFP irradiated with blue
(10 mmol m2 s1), red (10 mmol m2 s1) or far-red
light (10 mmol m2 s1) for 4h prior to examination
using confocal microscopy. Coilin-RFP was used
as a control. A brief 10 s irradiation using the
633 nm laser was applied to samplesmounted on a
slide prior to confocal imaging. Scale bars repre-
sent 20 mm.
(B) Western blot analysis TZP-GFP protein levels in
response to light treatments used for imaging ex-
periments. UGPase was used as a loading control.
(C) Diurnal regulation of TZP nuclear body forma-
tion monitored on plants entrained to a light /dark,
red light/dark, or blue light/dark photoperiod (12 hr
light /12 hr dark). S before ZT stands for subjective
dark. Data are represented as mean ± SEM (n = 50
nuclei).nucleotide binding, but possess higher affinity for RNA and sin-
gle-stranded DNA (de Jong et al., 2008). Studies in yeast and hu-
man proteins have revealed that PLUS3 domains function in
chromatin re-organization by mediating the recruitment of
gene regulatory proteins and RNA-processing factors to chro-
matin during transcription (Wier et al., 2013). However, the func-
tion of PLUS3 domains in plant species has not yet been studied.
Microarray analysis on Arabidopsis seedlings showed that TZP
controls a number of genes ranging from photoreceptors to tran-
scription factors, growth regulators, and chromatin remodeling
factors (Loudet et al., 2008). Furthermore, promoter analysis of
TZP-regulated genes show over-representation of the HUD
(Hormone Up at Dawn) cis-acting element, which has previously
been associated with growth promoting genes that respond to
light and hormones at dawn (Michael et al., 2008). These initial
studies indicate that TZP is a key transcriptional regulator of
plant growth processes in response to environmental and
endogenous stimuli. However, information about the mode of
TZP action, its interacting partners, and nuclear dynamics is
currently lacking. This study not only characterizes themolecular
function and protein interactions of TZP in nuclear photobodies,
but it also identifies a direct role in regulating photoperiodic flow-
ering at the transcriptional level.
RESULTS
TZP Localizes in Dynamic Nuclear Photobodies
To characterize the mechanism of TZP action in regulating gene
expression, we used cytogenetic, biochemical, and molecular
approaches. Transgenic Arabidopsis plants expressing TZP
fused to fluorescent markers (GFP, YFP, mCitrine, or mCherry)
driven by either the native or constitutive promoters showed
that TZP is exclusively localized in the nucleus and forms highly
dynamic nuclear foci in light-grown plants (Figure S1A). Forma-
tion of such sub-nuclear structures is independent of protein312 Developmental Cell 35, 311–321, November 9, 2015 ª2015 Elsevier Inc.accumulation indicating that TZP nuclear
bodies (NB) have functional significance
rather than being artifacts of overexpres-
sion. The presence of photoreceptorsand major light signaling components in nuclear photobodies is
well documented (Van Buskirk et al., 2012). TZP has been previ-
ously shown to regulate photomorphogenesis and hypocotyl
elongation (Loudet et al., 2008). To test if the formationonTZPnu-
clear bodies is induced by specific wavelengths of light, etiolated
seedlings expressing 35SproTZP-GFP were irradiated with blue,
red, far-red, and white light (Figure 1A). Confocal image analysis
showed that irradiation of etiolated seedlings with red light trig-
gers rapid formation (within 10 s) of multiple TZP-GFP nuclear
bodies (Figure 1A), whereas TZP-GFP is uniformly localized in
the nucleoplasm when plants are kept in dark or exposed to
blue or far-red light (Figure 1A). Coilin-RFP was used as a control
protein that forms constitutive nuclear bodies independent to
light quality or fluence rate (Figure 1A) (Collier et al., 2006). West-
ern blot analysis shows that light treatments that induce NB
formation do not affect TZP-GFP or coilin-RFP protein levels
(Figures 1B and S1B). These observations suggest that TZP NB
formation does not affect TZP protein stability. To investigate
the diurnal and circadian regulation of TZP nuclear body forma-
tion, plants entrained to light/dark cycles were examined. To
quantify this response, the average number of nuclear bodies
per nucleus was plotted for each time-point and light condition
examined (Figure 1C). Minimal nuclear body formation was
observed during the night and maximal during the day. The
same oscillating pattern was present when plants entrained to
a light/dark cycle were kept in darkness for up to 24 hr. To define
thewavelength specificity of the diurnal regulation of TZP nuclear
body formation, plants were entrained under a blue-light/dark or
red-light/dark cycle. High amplitude oscillations were observed
in red light (Figure 1C). A similar pattern has previously been re-
ported for the nucleo-cytoplasmic partitioning and nuclear
body formation of phytochromes (Kircher et al., 2002). No signif-
icant changes in TZP-GFP and endogenous TZP protein levels
were observed in response to a light/dark photoperiod
(Figure S1C).
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Figure 2. TZP Is Highly Dynamic when Localized in Nuclear Bodies
(A–C) FRAP measurements of TZP-GFP when localized in nuclear bodies (A),
nucleoplasm (B), or whole nuclei (C) (ROI 1). Control non-bleached regions
were monitored for loss of fluorescence during imaging (ROI 2). Scale bars
represent 20 mm.To investigate the dynamics and mobility of TZP-GFP we per-
formed fluorescence recovery after photobleaching (FRAP)
experiments on single nuclear bodies, nucleoplasmic areas, or
whole nuclei (Figure 2). The recovery of TZP-GFP fluorescence
in nuclear foci occurs within seconds, whereas nucleoplasmic
TZP-GFP fluorescence recovers much slower (Figures 2A and
2B). Measurements were normalized by monitoring the fluores-
cence changes due to imaging of non-bleach areas within the
same nucleus. Control FRAP on whole nuclei showed no recov-
ery within the time period examined, suggesting that new TZP
protein would need to be synthesized and transported into the
nucleus, which would require longer periods of time exceeding
the timescale of the FRAP experiment (Figure 2C). These data
indicate that there is rapid exchange between the nucleoplasmic
and NB TZP pools and an active recruitment of TZP protein intoDevelopmnuclear microdomains, which is highly consistent with previous
observations of phyA nuclear dynamics (Rausenberger et al.,
2011).
TZP Interacts, Co-purifies, andCo-localizeswith phyB in
Nuclear Photobodies
To assign a function to TZP nuclear photobodies, we performed
co-localization studies with proteins of known function that
concentrate in nuclear microdomains. PhyB is one of the best-
characterized light signaling components that concentrates
into nuclear foci in a photo-dynamic manner (Kircher et al.,
1999; Yamaguchi et al., 1999). To assess if TZP occupies the
same nuclear photobodies as phyB we performed co-localiza-
tion studies between TZP-mCherry and phyB-CFP. Transient
expression assays in Nicotiana benthamiana show that TZP
and phyB co-localize in nuclear bodies in white light (Figure 3A).
In addition to phyB, TZP co-localizes with the scaffold protein
EARLY FLOWERING 3 (ELF3) known to modulate flowering
and hypocotyl growth in response to light and the circadian clock
(Figure 3A) (Nusinow et al., 2011; Yu et al., 2008). Partial overlap
in localization was observed between TZP and PIF4 in very small
but not in large nuclear photobodies, whereas TZP and HEMERA
(HMR) co-localized only in the nucleoplasm (Figure S2B). Phyto-
chrome NBs act as sites for PIF and phyA degradation during the
initial stages of photomorphogenesis (Al-Sady et al., 2006; Bauer
et al., 2004; Chen et al., 2010; Seo et al., 2004). HMR is involved
in the degradation of phyA and PIF TFs (Qiu et al., 2015). On the
contrary, the localization of TZP in NBs does not affect its protein
stability (Figure 1B), suggesting that TZP-phyB NBs may have a
distinct function compared to the nuclear sites of PIF degrada-
tion, whereas the extremely small TZP-PIF4 NBs could have a
storage role similar to the one described for small phyB NBs dur-
ing shade avoidance response at later developmental stages
(Trupkin et al., 2014).
We next, examined whether TZP co-localizes with nuclear
body components of known function such as coilin (Cajal body
component), fibrillarin (nucleolar pre-rRNA splicing), or U2B (spli-
ceosomal coiled bodies) (Boudonck et al., 1999; Collier et al.,
2006; Koroleva et al., 2009). However, no detectable co-localiza-
tion signal was observed between TZP and coilin, fibrillarin or
U2B (Figure S2A), indicating that TZP resides in specialized nu-
clear domains formed in response to red light and contain light
and clock signaling components.
In addition to co-localization studies, a direct interaction be-
tween TZP and PHYB apoprotein was confirmed using the
yeast-two-hybrid interaction assay (Figure 3B). Quantitative
interaction studies show that the N terminus of TZP is sufficient
for protein association with the PHYB apoprotein in yeast in the
absence of phytochromobilin (Figure 3B). No physical interaction
was observed between TZP and PHYA apoprotein. Bait and prey
constructs were assessed for auto-activation to eliminate false
positive interactions on selective media and by performing a
quantitative X-gal assay (Figures S2C and S2D). To complement
the co-localization and yeast-two-hybrid analysis, we tested if
TZP associates with phyB in transgenic Arabidopsis lines
expressing TZP-GFP by co-immunoprecipitation assays. Fig-
ure 3C shows that TZP-GFP co-precipitates native phyB primar-
ily in response to red light. Plants not expressing TZP-GFP,
or plants expressing a nuclear TF tagged with GFP used asental Cell 35, 311–321, November 9, 2015 ª2015 Elsevier Inc. 313
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B Figure 3. TZP Associates with phyB
(A) Co-localization studies between TZP-mCherry
and phyB-CFP, and TZP-Cherry and ELF3-YFP in
N. benthamiana under white light (75 mmol m2 s1).
Scale bars represent 20 mm.
(B) Yeast-two-hybrid analysis of GAL4DB-TZP and
GAL4AD-PHYB apoprotein interaction on selective
(LWH 100 mM 3AT), non-selective (LW)
media and quantitative b-galactosidase assay us-
ing ONPG.
(C) Co-immunoprecipitation assay of TZP-GFP and
phyB from Arabidopsis plants irradiated with
10 mmol m2 s1 of blue, red, or far-red light at ZT0
for a period of 4 hr. Input controls showing TZP,
phyB, and control UGPase protein levels prior to
the coIP and TZP after the coIP.
(D) Confocal images of white light-grown trans-
genic Arabidopsis expressing TZP-GFP in WT,
phyA, and phyB mutant backgrounds. Scale bars
represent 20 mm.negative controls did not show co-purification with phyB (Fig-
ure S2E). Collectively, our data show that TZP and phyB interact
directly in vivo and in vitro and that TZP is recruited to phyB-
enriched nuclear photobodies in response to red light.
PhyB Is Indispensable for Recruiting TZP in Photobodies
To understand themechanism and biological significance of TZP
recruitment in nuclear domains, we examined the localization
pattern of TZP in the absence of functional phytochromes.
PhyB localization in NBs is red light-dependent, while the N ter-
minus of phyA is sufficient to localize in NB in response to red, far
red and blue light, therefore we determined if phyB or phyA were
necessary for TZP localization to NBs (Viczia´n et al., 2012) (Fig-
ure 3D). TransgenicArabidopsis lines expressing TZP-GFP in the
phyBmutant background show a lack of nuclear body formation
in response to red light (Figure 3D). On the contrary, phyA is not
required for TZP nuclear body formation, suggesting that TZP is
recruited to photobodies independently of phyA (Figure 3D)
consistent with the lack of direct interaction between PHYA
apoprotein and TZP in yeast (Figure 3B). These data highlight
the specificity of TZP-phyB interaction and the role of phyB in
recruiting TZP in nuclear domains.
Nuclear Photobodies Are Sites of Active Transcription
To discover a potential role and biological significance of TZP
association in nuclear photobodies, we examined the effect
of pharmacological inhibitors on NB formation.More specifically,
we investigated the effect of inhibitors of RNA poly-
merase (a-amanitin, 5,6-Dichloro-1-b-D-ribofuranosylbenzimi-
dazole [DRB]), DNA-primed RNA synthesis (actinomycin D), or
protein kinases (staurosporine). TZP NBs were completely dis-
rupted following treatments with a-amanitin, DRB, and actino-314 Developmental Cell 35, 311–321, November 9, 2015 ª2015 Elsevier Inc.mycin D, all of which are known to block
transcription. In particular, actinomycin D
and DRB resulted in the formation of one
large TZP nuclear aggregate, in accor-
dancewith previous studies inmammalian
cells demonstrating enlargement of
speckles (Lamond and Spector, 2003).The localization pattern of coilin-RFP remained unchanged sug-
gesting that the pharmacological treatments had no aberrant
effects on global nuclear organization (Figure 4A) (Koroleva
et al., 2009). No effect was observed when plants expressing
TZP-YFP or coilin-RFP were incubated with control solvent
DMSO or the kinase inhibitor staurosporine (Figure S3B). West-
ern blot analysis determined that mislocalization of nuclear TZP
was independent of changes in TZP protein levels (Figure S3A).
A similar pattern was observedwhen phyB-CFPwas treatedwith
a-amanitin but not in plants treated with control DMSO solution
(Figure 4A).
Furthermore, to examine the presence of nucleic acids in TZP
nuclear bodies, heterochromatin markers (DAPI) and an RNA
selective probe, E144, were used for co-localization studies
with TZP-YFP (Li et al., 2006; van Zanten et al., 2012). TZP
nuclear photobodies co-localize with the RNA selective probe
E144 but not with DAPI (Figure 4B). In plants, DAPI stains chro-
mocenters and highly compacted chromatin regions with limited
transcriptional activity (van Zanten et al., 2012).
PLUS3 domains of yeast and human RTF1 interact with single-
stranded but not double-stranded DNA in vitro (de Jong et al.,
2008; Wier et al., 2013). To assess if TZP PLUS3 domain has a
similar role in plants, we performed in vitro DNA binding assays.
Equal amounts of epitope-tagged TZP, TZPZFPLUS3, TZPPLUS3,
TZPZF1+2, or the TF ATHB23 were incubated with single-
stranded or double-stranded DNA as previously described for
HUA proteins (Li et al., 2001) (Figure S3C; Figure 4C). TZP protein
deletion analysis clearly demonstrates that the PLUS3 domain of
TZP is necessary and sufficient for binding specifically to single-
stranded but not double-stranded DNA (Figure 4C), similar to the
PLUS3 domain from yeast Rtf1. The Zinc-Finger Homeobox
domain TF, ATHB23, was used as a positive control for the assay
AC
B Figure 4. TZP Nuclear Bodies Correlate with
Transcription
(A) Representative images of three independent
experimental repeats showing TZP-YFP and phyB-
CFP in seedlings treated with control DMSO or
transcriptional inhibitors. Scale bars represent
20 mm. A minimum of 30 nuclei were examined for
each treatment.
(B) Investigation of co-localization between TZP-
YFP and heterochromatin or RNA using DAPI or
E144 markers respectively. Scale bars represent
20 mm.
(C) Single-stranded and double-stranded deoxy-
ribonucleic acid binding assay using lyophilized
powder attached to cellulose from calf thymus DNA.
Equal concentrations of in vitro transcribed and
translated FLAG-tagged protein (TZP, TZPZFPLUS,
TZPPLUS, TZP Z1+2, or ATHB23) was added to the
beads and washed. Association of test protein with
ssDNA or dsDNA was detected by immunoblot
using anti-FLAG antibody. The ZF-HD transcription
factor ATHB23 was used as a positive control.showing binding to both ss and dsDNA (Figure 4C) (Tan and Irish,
2006). Although TZPZFPLUS3 is necessary for conferring binding
to ssDNA, it is not sufficient for NB formation when expressed
in WT, Bay-0, or transiently in N. benthamiana (Figure S3D) indi-
cating that the recruitment in nuclear photobodies is highly spe-
cific and requires the fully functional TZP protein.
Collectively, our data indicate that the nuclear microdomains
formed by TZP and concomitantly phyB are associated with
active gene expression, transcriptional initiation or co-tran-
scriptional RNA processing similar to the mechanism described
for Rtf1, a component of the yeast and human polymerase-
associated factor (PAF) complex (de Jong et al., 2008; Wier
et al., 2013).
TZP Promotes Flowering
To determine the physiological significance of the interaction be-
tween phyB and TZP, two predominant light responses were
examined: hypocotyl elongation and flowering time. Although
we used multiple approaches to generate tzp knockout and
knockdown mutant lines, we were unsuccessful. Bay-0 contains
a non-functional TZP variant due to a pre-mature stop codon
within its PLUS3 domain (Loudet et al., 2008). Therefore, we
used an alternative approach and overexpressed TZP (TZP
WT) in WT and Bay-0 (TZP Bay) to characterize the function of
TZP protein in Arabidopsis. More specifically, we measured hy-
pocotyl elongation and flowering time phenotypes in excess of
functional TZP (Figure S4A) in response to different light wave-
lengths, photoreceptor and light signaling mutant backgrounds.Developmental Cell 35, 311–321,The role of phyB and the blue light receptor
cry2 arewell established in regulating flow-
ering time and hypocotyl elongation (Cer-
da´n and Chory, 2003; Guo et al., 1998;
Neff and Chory, 1998). Transgenic plants
expressing 35SproTZP-GFP showed no
significant changes with respect to the in-
hibition of hypocotyl growth in response
to red or far-red light, a response primarilycontrolled by the phytochromes (Figure S4A). However, in accor-
dance with the data published previously, TZP promotes hypo-
cotyl elongation in response to blue light (Figure S4A) (Loudet
et al., 2008).
Because TZP associates with phyB and regulates the
expression of photoperiodic and clock-controlled morning-spe-
cific genes containing the HUD promoter element (Loudet et al.,
2008), its role in regulating flowering time was examined. Over-
expression of TZP in wild-type (WT) or Bay-0 leads to early
flowering when plants are grown under long day (Figures 5A
and S4B), but not short day, photoperiodic conditions (Fig-
ure S4D). To exclude the possibility that TZP induces flowering
due to a non-specific pathway, we showed that the transcript
levels of the stress-responsive gene ERD10 that plays a role
in the control of flowering in response to abiotic stress re-
mained unchanged in TZP WT and TZP Bay-0 lines (Figure S4E)
(Corrales et al., 2014). Relatively earlier flowering time was
also observed when TZP was overexpressed in the extremely
delayed flowering mutant cry1cry2 (TZP c1c2), whereas there
was no difference when TZP was overexpressed in the early
flowering phyB mutant (TZP phyB) (Figures 5A and 7A). These
data suggest that TZP is a positive regulator of flowering via
a phyB-dependent signal transduction pathway.
TZP Regulates FT Expression via Chromatin Association
In Arabidopsis, long day photoperiods induce flowering via
the action of the floral inducer FT (Kardailsky et al., 1999).
Environmental and endogenous stimuli integrate at the level ofNovember 9, 2015 ª2015 Elsevier Inc. 315
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Figure 5. TZP Accelerates Flowering by
Regulating phyB-Dependent FT Expression
(A) Phenotypic characterization of flowering time in
of WT and phyB transgenic plants overex-
pressing TZP. Plants were grown under long day
LD 16h light/ 8h dark photoperiodic conditions.
Data are represented as mean ± SEM (n = 10
plants).
(B and C) qRT-PCR analysis of relative FT tran-
script levels normalized with housekeeping genes
IPP2 and ISU1. Plants were harvested 8 hr
after light onset on day 12 under LD white light
(50 mmol m2 s1) or (B) on day 4 under LD white
(50 mmol m2 s1), red (10 mmol m2 s1), or blue
(10 mmol m2 s1) light conditions. WT was used a
reference. Data are represented as mean ± SEM
(n = 3).transcriptional regulation of FT (Song et al., 2012a). Therefore,
we examined FT transcript levels in multiple transgenic lines
overexpressing TZP. Indeed, overexpression of TZP in WT and
Bay-0 leads to an increase in FT transcript abundance (Figures
5C and S4C). Quantitative RT-PCR analysis shows that TZP
WT induces both FT and CO transcript abundance in plants
grown for 12 days under LD photoperiod but not in 4-day-old
seedlings (Figures 5B and S5B). To examine why FTwas not pre-
viously identified in microarray studies performed on 4-day-old
seedlings as one of the target genes upregulated by TZP (Loudet
et al., 2008), we performed qRT-PCRon 12- and 4-day-old seed-
lings overexpressing TZP under long day photoperiodic condi-
tions in white, blue, or red light and showed that TZP induces
FT expression in 12-day but not 4-day-old plants (Figure 5B).
These data signify a developmentally specific function for TZP
after the initial stages of photomorphogenesis and de-etiolation.
CO protein is known to accumulate at dawn (ZT0.5) and subse-
quently targeted for degradation by ZT4 in a phyB-dependent
manner, whereas at the end of the day (ZT15) phyA and cry2
stabilize CO that induces FT expression (Valverde et al., 2004).
Our data show that phyB is necessary for the increase in the in-
duction of FT and CO gene expression observed in TZP WT
plants at midday (ZT8) and dawn (ZT0.5) as TZP phyB lines
show impaired FT and CO mRNA accumulation (Figures 5C,
S4F, S4G, and S5B). The magnitude of TZP-mediated FT and
CO induction is greatly increased at ZT15 even in phyB mutant316 Developmental Cell 35, 311–321, November 9, 2015 ª2015 Elsevier Inc.plants that already show higher FT
expression due to the lack of CO degra-
dation (Figures S4F and S4G). These
data suggest that, at dusk, TZP enhances
the induction of FT and CO expression
through the synergistic action of clock
components, photoreceptors, and tran-
scriptional regulators such as phyA,
cry2, FKF1, TOE1, or PFT1 (Cerda´n and
Chory, 2003; Sawa et al., 2007; Valverde
et al., 2004; Zhang et al., 2015).
A direct role of TZP in regulating FT
gene expression was examined by chro-
matin immunoprecipitation (ChIP) assays,
using transgenic lines expressing GFP-tagged TZP. TZP-specific enrichment was detected in ampli-
cons III, IV, and V, which are adjacent to the FT transcriptional
start site (TSS) (Figure 6A). No TZP enrichment was observed
on HY5pro, which is a light-regulated gene unaffected by TZP
(Figures 6A and S5A). Homozygous transgenic lines overex-
pressing equal protein levels of TZP deletion variants (TZPNt,
TZPZFPLUS3) show that the full-length TZP protein is essential
for association to FTpro and induction of FT gene expression (Fig-
ures 6B, 6C, and S5D), which is consistent with the localization
studies showing that TZPZFPLUS3 is not sufficient for NB forma-
tion (Figure S3D). As previously mentioned, the N terminus of
TZP is required for interaction with the PHYB apoprotein (Fig-
ure 3B). Therefore, the N terminus and ZF domains of TZP may
provide a platform for protein interactions that activate a regula-
tory mechanism for sequence-specific binding upon stimulus
activation in planta. Furthermore, the fact that the overexpres-
sion of TZP deletion variants cannot induce FT expression sup-
ports our model that the early flowering phenotype observed in
TZP WT and TZP Bay-0 is not due to a dominant negative effect
of overexpression.
Transgenic lines overexpressing TZP in the phyB mutant
showed no enrichment on FTpro or COpro (Figures 6D and
S5C). Further evidence supporting phyB-dependent enrichment
of TZP on FTpro is demonstrated by the far-red light reversibility
(Figure 6E). No significant enrichment was detected for phyB-
CFP on either FT or HY5 promoters (Figure S5E). These data
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Figure 6. TZP Associates with the Promoter
of FT
(A) Schematic of the FT locus and seven amplicon
locations used for the ChIP analyses. ChIP qPCR
analysis of TZP WT association with different chro-
matin regions of the FT locus. No enrichment was
observed for WT. A region of the HY5 promoter was
used as a negative control.
(B) ChIP qPCR analysis of TZP and deletion variants
TZPNt, TZPZFPLUS shows that the full-length protein
is required for association with FTpro.
(C) qRT-PCR analysis of relative FT transcript levels
in transgenic lines overexpressing TZP, TZPNt, or
TZPZFPLUS. WT was used a reference. Data are
represented as mean ± SEM (n = 3).
(D) Relative enrichment of TZP WT and TZP phyB on
FT locus (V).
(E) Relative enrichment of TZP WT on FT locus (V)
in plants exposed to either red or far-red light
(10 mmol m2 s1) at ZT0 for a period of 4 hr.
In (A)–(D), Plants were harvested 8 hr after light onset
on day 12 under LD photoperiodic conditions. Data
are representative of three independent biological
replicates.suggest that phyB may associate transiently with the transcrip-
tional machinery. Therefore, more potent cross-linking reagents
may be required to capture a putative residency of phyB on regu-
lated loci. TZP-GFP is able to associate with FTpro and upregu-
late FT expression when overexpressed in cry1cry2 (Figures
7B and S6). Western blot analysis shows that this is not due to
lower TZP-GFP protein levels when expressed in phyB
compared to WT or cry1cry2 genotypes (Figure 7C). These
data indicate that TZP controls FT-mediated flowering through
a phyB-dependent pathway.
DISCUSSION
Previous studies using QTL mapping have identified TZP as a
signaling component regulating plant growth at the level of
gene expression (Loudet et al., 2008). In addition to the role
of TZP in blue light induced hypocotyl elongation during de-Developmental Cell 35, 311–321etiolation, we have uncovered a role for
TZP in regulating flowering initiation.
Blue and red light signal transduction
pathways are known to act synergistically
as well as antagonistically in regulating
photomorphogenesis (Hughes et al.,
2012; Ma´s et al., 2000; Sellaro et al.,
2009). Therefore, it is possible that TZP
has distinct roles in regulating blue light
dependent hypocotyl growth during early
photomorphogenesis and flower initiation
that may depend on the tissue and inter-
actome context at different develop-
mental stages.
The biogenesis, function, and composi-
tion of nuclear photobodies have remained
a mystery since their discovery over 10
years ago. Our results support the hypoth-esis that nuclear photobodies have an active role in regulation of
gene expression. More specifically, we have identified phyB as
the interacting photoreceptor that recruits TZP in nuclear micro-
domains (Figure 3). Recent studies using a nucleolus tethering
system suggest that the majority of light signaling components
follow a self-organization model to form nuclear micro-domains
or photobodies (Liu et al., 2014; Matera et al., 2009). Pharmaco-
logical and cytogenetic studies indicate that TZP-phyB nuclear
photobodies act as regulatory sites of gene expression at the
level of transcription (Figure 4). The idea of concentrating tran-
scriptional machinery and active chromatin regions within local-
ized nuclear domains is an established concept in higher
eukaryotic systems (Papantonis and Cook, 2013; Sutherland
and Bickmore, 2009). However, the existence and composition
of transcriptional foci in Arabidopsis and other plant species is
open to investigation. Our data support the hypothesis that nu-
clear photobodies have a direct role in actively regulating gene, November 9, 2015 ª2015 Elsevier Inc. 317
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C
D
Figure 7. TZP Accelerates Flowering Inde-
pendent of Cryptochromes
(A) Phenotypic characterization of flowering time in
cry1cry2 transgenic plants overexpressing TZP.
Plants were grown under long day (16 hr light/8 hr
dark) photoperiodic conditions. Data are repre-
sented as mean ± SEM (n = 10 plants).
(B) qRT-PCR analysis of relative FT transcript
levels normalized to ISU1 and IPP2. Plants were
harvested 8 hr after light onset on day 12 under LD
photoperiodic conditions. cry1cry2 was used as a
reference. Data are represented as mean ± SEM
(n = 3).
(C) Western blot analysis of TZP-GFP levels in WT,
phyB, and cry1cry2 backgrounds.
(D) A model describing the role of TZP as a positive
regulator of photoperiodic flowering by inducing
the expression of FT andCO. During the day, phyB
recruits TZP in nuclear bodies to associate with
the promoter of FT and CO and induce their
expression independently, synergistically or addi-
tively to CO.expression at the level of transcription in plants. Collectively,
these findings assign a functional role to the recruitment of
signaling components in nuclear photobodies. Our data are in
accordance with recent studies showing that phyB plays a role
in inducing alternative splicing and transcription simultaneously
(Shikata et al., 2014). TZP is one of the very few proteins in Ara-
bidopsis containing the highly conserved PLUS3 domain known
to facilitate transcriptional elongation by recruiting transcrip-
tional machinery, chromatin remodeling, and splicing factors in
yeast and humans (Ciftci-Yilmaz and Mittler, 2008; de Jong
et al., 2008; Wier et al., 2013). Our data indicate functional con-
servation between the PLUS3 domain of Rtf1 and TZP with
respect to ssDNA binding. It would be very important to assess
the role of TZP in transcriptional elongation and co-transcrip-
tional splicing, especially since phyB has an active role in regu-318 Developmental Cell 35, 311–321, November 9, 2015 ª2015 Elsevier Inc.lating alternative splicing processes in
Arabidopsis (Shikata et al., 2014).
In this study, we have uncovered the
molecular mechanism of TZP function
as a transcriptional integrator of red light
and photoperiodic signaling pathways
regulating flowering. We find that overex-
pression of TZP accelerates flowering
due to a TZP-induced increase in FT
and CO transcript abundance (Figures 5
and S5B). We dissected the mechanism
of activation of FT gene expression by
performing ChIP qPCR in different
mutant backgrounds and we show that
TZP can associate with the promoter of
FT and CO. Moreover, phyB is essential
not only for TZP nuclear body formation,
but also for the association of TZP on
FTpro and COpro and consequently for
the induction of FT and CO expression
(Figures 3D, 5, 6, and S5C). The majority
of proteins acting downstream of phyBregulate de-etiolation or shade avoidance responses (Castillon
et al., 2007). PhyB is known to indirectly negatively regulate FT
expression by promoting CO degradation in a morning specific
manner (Valverde et al., 2004). Previous studies have reported
genetic interactions between phyB and cryptochromes as a
means of mediating cross-talk between the red/far-red and
blue light signaling to fine-tune plant development in response
to diverse spectral inputs (Hughes et al., 2012; Ma´s et al., 2000;
Sellaro et al., 2009). PhyB and cry2 have been shown to control
reversible chromatin compaction in response to different light
regimes (van Zanten et al., 2010). However, our studies show
that TZP acts independent of cryptochromes to regulate
flowering time (Figure 6). This study has uncoupled the role
of TZP from blue light-mediated photomorphogenesis and
assigned a function to TZP in regulating flowering via red
light-mediated transcriptional regulation. Our findings indicate
that TZP operates through a blue light-specific pathway during
the early stages of de-etiolation, whereas it associates with red
light and clock signaling components to regulate the transition
from vegetative to reproductive growth during later stages of
plant development. Furthermore, our data provide evidence
for a phyB-mediated pathway that directly regulates FT expres-
sion via TZP recruitment to its promoter. The TZP-dependent
pathway is more likely to be synergistic or additive to the
CO-dependent pathway and antagonistic to phyB-mediated
CO protein degradation (Figure 7D). qRT-PCR analysis show
negligible TZP-dependent induction of FT and CO in the
absence of phyB at ZT0.5 and ZT8 (Figures 5B, S4F, and
S4G), suggesting that TZP acts through a phyB-dependent
pathway in a diurnal specific manner. The fact that in the
absence of phyB, TZP cannot associate with FTpro or COpro
and therefore cannot upregulate FT or CO transcript levels
also argues against but does not exclude the possibility that
TZP indirectly promotes flowering by rescuing CO from phyB-
dependent degradation, as demonstrated by phytochrome-
dependent late-flowering (PHL) association and phyB overex-
pression (Endo et al., 2013; Hajdu et al., 2015). Our model
suggests that TZP acts as a positive regulator of photoperiodic
flowering by inducing the expression of FT and CO. The action
of TZP is tightly regulated by phyB, which could potentially op-
erate as a gate-keeper establishing a balance between FT, CO
transcript abundance, and CO degradation. Overexpression of
TZP leads to an increase in the overall amplitude of FT and CO
gene expression during the day, therefore tilting the balance to-
ward the positive regulatory role of phyB. A potential physiolog-
ical role of the native TZP protein and phyB interaction is to
maintain a basal pool of CO and FT mRNA levels that primes
CO protein stabilization as a means of enhancing the induction
of flowering. To dissect the relationship between the CO and
TZP-dependent pathways it would be essential to analyze tzp
knockout and co mutant lines overexpressing TZP.
TZP represents a great example where natural variation has
engineered the function of a single signaling component to
fine-tune photomorphogenesis and flowering time in response
to changes in light and photoperiod. This study opens up
avenues in investigating the molecular function of nuclear pho-
tobodies as integrating hubs of major signaling components
that form in response to environmental and endogenous stim-
uli to regulate gene expression and optimize plant growth.
Furthermore, the physical interaction between TZP and phyB
provides an excellent system for studying the formation,
composition, molecular function, and physiological role of
transcriptionally active photobodies as hubs of signal
integration.EXPERIMENTAL PROCEDURES
Protein Extraction and Protein and Chromatin Immunoprecipitation
Assays
ChIP assays were performed on plants grown under a long day photoperiod
(16L/8D) and tissue was cross-linked at ZT8 as described previously prior
to freezing in liquid nitrogen unless otherwise stated (Brown et al., 2005).
Protein extraction and co-immunoprecipitation was performed as described
previously (Nusinow et al., 2011). One milligram of total protein was used for
co-immunoprecipitation assays using the mMACSTM GFP Tag Protein Isola-Developmtion Kit. Denaturing elution was performed according to the manufacturer’s
instructions (Miltenyi Biotech).
Pharmacological Treatments
Inhibitor and control treatments were performed on 4-day-old seedlings and
mature plant leaf tissue at concentrations previously determined (Ali and
Reddy, 2006; Koroleva et al., 2004, 2009) for 2 hr prior to confocal imaging.
Western blot analysis was performed on plants that received the same inhibitor
treatment as for confocal imaging to determine the effect on protein stability.
For all treatments, coilin-RFP (Koroleva et al., 2009) was used as a control.
Confocal Microscopy
Confocal microscopywas performedwith Leica SP2, Zeiss 710, and Zeiss 510
inverted microscopes and image analysis was performed as described previ-
ously (Jaillais et al., 2011; Kaiserli and Jenkins, 2007). FRAP experiments were
performed using a Zeiss 710 inverted microscope and images were collected
and analyzed as described previously (Ali and Reddy, 2006; Kaiserli et al.,
2009). Representative images from three independent biological repeats are
shown in this study. For quantitative studies, the number of nuclear bodies
per nucleus of a minimum of 50 cells, 10 independent plants, and 3 indepen-
dent biological repeats was counted. Transient expression and imaging in N.
benthamiana was performed as described previously (Kaiserli et al., 2009).
DNA Binding Assay
Full-length TZP, TZP deletion variants, and ATHB23 proteins fused to a FLAG
tag were expressed from an SP6 promoter using the TnT in vitro transcription/
translation system (Promega). Equal amounts of protein were incubated with
either single-stranded or double-stranded deoxyribonucleic acid lyophilized
powder attached to cellulose from calf thymus DNA (0.75 mg/ml) (Sigma) as
described previously (Li et al., 2001). After incubation at 4C for 10 min, the
beads were washed five times in RHPA buffer (10 mM Tris, pH 7.4, 2.5 mM
MgCl2, 0.5% Triton X-100) and then boiled in SDS loading buffer. The proteins
were detected by western blot using an anti-FLAG (Sigma A8592).
RNA Extraction and Quantitative Real-Time PCR
Plants were grown under a long day photoperiod (16L/8D) and tissue was har-
vested at ZT8 by freezing in liquid nitrogen. RNA was extracted using the
RNeasy plant mini kit (QIAGEN) according to the manufacturer’s instructions.
2 mg RNA was used for cDNA synthesis (Superscript II First Strand Synthesis
System, Life Technologies) according to the manufacturer’s instructions. For
each sample, 10 ml of 100-fold diluted cDNA sample were used for quantitative
real-time PCR using SYBR Select Mastermix (Applied Biosystems, Life Tech-
nologies) on a StepOnePlus Real-Time PCR System (Applied Biosystems, Life
Technologies) according to the manufacturer’s instructions. Data shown are
representative of three independent biological repeats and four technical
replicates.
Additional Methods
Additional information on plant material and growth conditions, DNA
constructs, yeast-two-hybrid assays, qRT-PCR analysis, hypocotyl measure-
ments and a list of the primers used are provided in the Supplemental Exper-
imental Procedures.
SUPPLEMENTAL INFORMATION
Supplemental Information includes Supplemental Experimental Procedures
and six figures and can be found with this article online at http://dx.doi.org/
10.1016/j.devcel.2015.10.008.
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